Pseudotype particle neutralization (pp-NT) is a next-generation serological assay employed for the sensitive study of influenza antibody responses, especially haemagglutinin stalk-directed antibodies.
Introduction
Serological methods, such as single radial haemolysis (SRH), haemagglutination inhibition (HI) and microneutralization (MN), are cost-effective and widely-used methodologies to monitor the circulation and the prevalence of influenza viruses, and are also employed in vaccine immunogenicity studies in human and animal populations [1] . However, these assays are subject to numerous shortcomings, especially related to variability of the reagents, their standardization between laboratories, and their ability to detect haemagglutinin (HA) stalk-directed antibodies.
Recently, the use of replication-deficient viruses in neutralization assays is being widely evaluated as a potential alternative to MN assays. For example, HA pseudotype particles (pp) harbouring the HA embedded in the viral envelope and having a lentiviral vector as backbone, have been used effectively for this purpose [2, 3] . The pseudotype particle neutralization (pp-NT) assay appears to be more sensitive than other functional assays to detect the antibody response directed against the HA stalk [4] . Consequently, pp could be used to effectively study heterosubtypic antibody responses directed against the HA stalk region. pp-NT assays have been shown to correlate strongly with other classical serological assays [5] [6] [7] [8] . Since pp are replication-defective, they offer a safe alternative to wild-type virus methods (that require Biosafety Level 3 containment), and the detection of antibody responses is not influenced by the variability of blood-based reagents as observed in other assays (i.e. red blood cells in HI). Unfortunately, the validation of pp-NT, which will permit its more extensive use in surveillance, and in pre-clinical and clinical studies, has not been undertaken to date. Validation of pp-NT will allow certifying its use in product release and stability control (if, in future, HA stalk-directed monoclonal antibodies will be licensed) and in evaluating antibody responses elicited by current and 'next-generation universal' influenza vaccines.
Essential for the optimization and the validation of an assay is the availability of appropriate reference materials. Appropriate reference standards are especially useful when the specificity, sensitivity, precision, and accuracy of an assay are evaluated for the first time [9] but are also essential when other assay parameters, such as dilution range or calibration curves, are established [10] . Furthermore they have an essential role to monitor assay stability and consistency over different analytical sessions (e.g. days) [11] . Reference materials are also useful when multisite validation of an assay is performed. For example the use of reference standard sera has been shown to be extremely useful to increase consistency between laboratories using HI and SRH [12] .
Chicken reference antisera against all the HA subtypes are commonly generated and used for influenza virus typing in the HI assay [13, 14] , and thus should be investigated as possible controls and reference materials in pp-NT assays, which was the purpose of this study.
Results and Discussion
We have evaluated the neutralization activity and cross-reactivity of chicken reference antisera against a panel of pp bearing HAs of a representative strain, where possible of avian origin, for each HA subtype. Unfortunately, H6 and H13 influenza pp were not used in this study since appropriate pp bearing the HA of these two subtypes was not available.
The neutralizing titres resulting after analysis with GraphPad Prism software were elaborated using the Microsoft Excel and statistical software R to generate a 'heat-map' (Figure 1 ). Phylogenetic analysis was also used to highlight relationships between HA subtypes. The cross-reactivity heat map shows that influenza reference antisera are usually able to efficiently neutralize HA-matched pp, and minor variation in the neutralizing titres can be observed when the serum was generated against paired (same subtype but different strain) HAs. Additionally, cross-reactive responses can be detected not only when phylogenetic relationships are present between the HA of the pp tested and the HA used as antigens to generate the antisera, but also between HA and antisera that share less similarity (Figure 1 ).
Many studies have previously observed that chicken antisera generated using whole virus, in comparison to the ones generated through HA-expressing DNA vaccination or recombinant HA1 vaccination, present a lower specificity in HI and/or immunodot-blot assays: this is primarily due to the fact that antisera produced using whole virus also includes NA-and M2-directed antibodies [15, 16] . However since a certain level of cross reactivity is observed also with DNA or recombinant protein vaccination, cross-reactive HA-directed antibodies are most probably involved [16] .
The fact that reference antisera show high neutralizing responses and cross-reactivity between different strains/subtypes could be problematic not only for HI typing, but especially for pp-NT assays. In fact, in the dilution range analysed the pp-NT assay cannot discriminate between two pp.
Preparation of the standard material through dilution of the commonly used reference standard, or the use of monoclonal antibody mixtures (with or without the presence of a serum matrix) showing high specificity could be more effective approaches to establish reference materials to be used to validate, standardise, and control the pp-NT assay. To better understand which factors are underlining the cross-reactivity observed we have evaluated the percentage amino acid identity between the HAs present on the pp, and the HAs used for antisera generation. A percentage-identity heat map was then designed (Figure 2 ). This map shows a similar pattern to the cross-reactivity map ( Figure 1) . Since it is difficult to highlight all the differences and similarities by eye, statistical analysis was performed to see whether any concordance or association between the maps was present. Kendall τ test shows that there is low association between percentage identity and neutralization titres (τ = 0.269, p ≤ 2.22 10 -16 ). This means that the percentage of amino acid identity is a good approach to evaluate the cross-reactivity response, but to understand and explain the cross-reactivity detected, other approaches should be used. Recently antigenic cartography has been used to evaluate the antigenic evolution/drift of different influenza viruses and to help vaccine strain selection [17, 18] . This methodology could be used to analyse the data presented here, and should permit a representation of the antigenic interplays between different pp. In the absence of appropriate controls and presence of high cross-reactivity responses, it will be difficult to assess the specificity of the pp-NT assay. Other parameters should be evaluated to understand if factors unrelated with the sera antibody content could interfere with the pp-NT assay. For example the presence of virus-attachment inhibitors in the sera and serum treatments (e.g. heat-inactivation, pre-treatment with receptor-destroying enzymes) can be assessed to optimise pp-NT assay conditions and to reduce non-specific neutralization if present. Also the evaluation of possible haemolysis or other contaminants (e.g. lipids) of the serum samples is a factor that needs to be taken into consideration when the assay is optimised and validated [9] . To conclude, the results presented here show that the high sensitivity and the propensity of the pp-NT assay to detect cross-reactive responses does not permit the use of current chicken reference standard antisera as reference materials to validate the assay. Until more appropriate standards (e.g. monoclonal antibody mixtures) will be developed to further progress optimisation and validation of the pp-NT assay the routinely used reference standards should be used as positive neutralization controls only in experimental research settings. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol Biol Evol 2011;28:2731-9. doi:10.1093/molbev/msr121.
Materials and Methods

Reference sera
The OIE avian reference hyperimmune sera used for these studies and associated HI titres were provided by Dr. Giovanni Cattoli when he was at the Istituto Zooprofilattico delle Venezie, OIE, Legnaro, Padua, Italy and are reported in Table 1 . 
